INTRODUCTION
Cell migration is critical to a range of normal biological processes during development and for adaptive and regenerative changes in adult organisms (Locascio and Nieto, 2001; Friedl and Gilmour, 2009 ). Importantly, cell migration is also at the heart of the pathophysiology of cell invasion and metastasis that render cancers lethal (Friedl and Wolf, 2003) . Understanding the cellular mechanisms of cell migration, in particular the components that are limiting and thus susceptible to pathophysiological enhancement and therapeutic intervention, remains an important biological problem. Directional cell migration involves reorganization of the actin cytoskeleton, for example, at lamellipodia at the leading edge of the cell (Insall and Machesky, 2009; Ridley, 2011; Krause and Gautreau, 2014) . Interestingly, directional cell migration also involves reorientation of the Golgi toward the leading edge (Kupfer et al., 1982; Millarte and Farhan, 2012) . However, the link between actin-mediated migration and Golgi reorientation remains poorly understood.
We previously identified GOLPH3 as an effector of phosphatidylinositol-4-phosphate (PtdIns(4)P) that bridges the Golgi to the actin cytoskeleton and is required for efficient Golgi-to-plasma membrane trafficking (Dippold et al., 2009; Bishé et al., 2012; Ng et al., 2013; Farber-Katz et al., 2014; Buschman et al., 2015b) . We showed this pathway to produce increased cell migration. Our study of the GOLPH3 pathway sheds light on the cellular basis of cell migration, providing new insight into cancer biology and potential targets for therapeutic intervention.
RESULTS

GOLPH3 overexpression promotes scratch assay wound healing
To test the consequences of overexpression of GOLPH3, we generated a bicistronic retroviral expression vector to overexpress untagged GOLPH3 together with green fluorescent protein (GFP) or a control vector to express GFP alone. We used these vectors to produce pools of MDA-MB-231 human breast cancer cells that stably overexpress GOLPH3 plus GFP or GFP alone. Overexpression of GOLPH3 was validated by Western blot and immunofluorescence (IF; Figure 1 , A and B).
GOLPH3 overexpression has been reported to drive increased wound healing, as observed in cell culture scratch assays (Isaji et al., 2014; Tokuda et al., 2014) . We sought to recapitulate the published result. We examined wound healing by creating a scratch in a confluent monolayer of MDA-MB-231 cells. First, we used live imaging of cells stained with calcein AM to examine cell migration. This revealed enhanced cell migration into the wound in cells that overexpress GOLPH3 (Supplemental Movie 1). Next we performed endpoint assays to measure the number of cells that migrated into the monolayer wound after 15 h. As shown in the images ( Figure 1C ) and quantification ( Figure 1D ), enhanced migration into the wound was observed in cells that overexpress GOLPH3, recapitulating the published reports. Tokuda et al. (2014) showed that Golgi PtdIns(4)P promotes cell migration via GOLPH3. Similarly, to determine whether the ability of GOLPH3 to drive increased wound healing depends on its function at the Golgi, we made use of a previously described mutant. The R90L mutation in the PtdIns(4)P binding pocket largely abolishes the ability of GOLPH3 to bind to PtdIns(4)P, thus rendering GOLPH3-R90L unable to localize to the Golgi (Dippold et al., 2009) . We generated a bicistronic retroviral vector to express GOLPH3-R90L together with GFP and produced pools of MDA-MB-231 cells that stably overexpress GOLPH3-R90L (Figure 1, A and B) . When compared in cell culture scratch assays, these cells behave in a manner similar to GFP-expressing control cells, unlike GOLPH3-overexpressing cells (Figure 1, C and D) . Therefore we conclude that the ability of GOLPH3 to drive cell culture wound healing is dependent on its ability to localize to the Golgi.
GOLPH3 and MYO18A are required for scratch assay wound healing
Because GOLPH3 is capable of driving enhanced wound healing in scratch assays, we that GOLPH3 binds to PtdIns(4)P and thus localizes to the PtdIns(4) P-rich trans-Golgi. GOLPH3 also binds to the unconventional myosin, myosin 18A (MYO18A), thus linking the Golgi to F-actin (Dippold et al., 2009; Bishé et al., 2012; Ng et al., 2013; Taft et al., 2013; Farber-Katz et al., 2014) . The PtdIns(4)P/GOLPH3/MYO18A/F-actin complex applies a tensile force to Golgi membranes that is essential for efficient vesicle exit for transport to the plasma membrane. Surprisingly, GOLPH3 was discovered to be an oncogene, commonly overexpressed in human cancers (Scott et al., 2009; Buschman et al., 2015a) . Thus GOLPH3 is the first example of an oncogene that functions in the secretory pathway at the Golgi, raising hope that it will provide fresh insights into mechanisms of oncogenesis.
Overexpression of GOLPH3 has been reported to enhance cell migration, with obvious implications for understanding GOLPH3's role in driving cancer mortality that results from cancer invasion and metastasis (Zhou et al., 2013; Isaji et al., 2014; Tokuda et al., 2014; Buschman et al., 2015a; Zhang et al., 2015) . Here we examine the consequence of overexpression of GOLPH3, and investigate the mechanism of enhanced cell migration. We demonstrate that the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway is required for cell migration by enabling reorientation of the Golgi toward the wound edge for directional secretion. Moreover, overexpression of GOLPH3, as observed in many human cancers, is sufficient to drive IF demonstrates endogenous GOLPH3 (green) in parental and IRES-GFP control cells, increased GOLPH3 at the Golgi in cells overexpressing WT GOLPH3, and increased GOLPH3 throughout the cytosol in cells overexpressing GOLPH3-R90L, a mutant unable to bind to PtdIns(4)P. GM130 marks the Golgi (red) and DAPI marks the nucleus (blue). (C) Representative images of scratch wound healing by MDA-MB-231 cells overexpressing IRES-GFP (control), GOLPH3-IRES-GFP, or GOLPH3-R90L-IRES-GFP. Top, images of random fields at the scratch were taken at time of wounding (t = 0 h), with the scratch area indicated by the white box. Bottom, the same fields after 15 h, fixed and stained with DAPI for cell counting (t = 15 h). (D) Quantification of wound healing from C relative to control. Overexpression of GOLPH3 results in a significant, approximately twofold increase in cell migration into the scratch compared with control or GOLPH3-R90L-expressing cells. Graphed are mean ± SEM. The number of fields measured (n, pooled from four independent experiments) and p values (t test with Holm-Bonferroni correction) are indicated.
wounding. Cell confluence is known to regulate the subcellular localization of the transcriptional coactivator YAP between the nucleus and cytoplasm via the Hippo pathway (Zhao et al., 2007) . Therefore we could use YAP subcellular localization as a readout of Hippo pathway activity and thus a readout of cellular sensing of confluence. We measured the relative levels of YAP in the nucleus versus cytoplasm using IF in confluent cells compared with cells at the wound edge. We compared control cells with cells overexpressing GOLPH3 and also examined cells following siRNA knockdown of MYO18A versus siRNA control. As expected, we observed significant translocation of YAP from the cytoplasm into the nucleus in cells at the wound edge compared with confluent cells ( Figure 3C ). However, overexpression of GOLPH3 or knockdown of MYO18A did not significantly alter the subcellular localization of YAP. We conclude that perturbation of the GOLPH3 pathway does not significantly affect the ability of MDA-MB-231 cells to sense a change in cell-cell contact upon wounding.
We considered the possibility that GOLPH3 overexpression may enhance cell migration via pathways known to contribute to cellular polarization in response to cell wounding. The centrosome responds to cell wounding by repositioning toward the leading edge (Kupfer et al., 1982) . Signals responsible for cell polarization and directional migration have been reported to act via centrosomes (Etienne-Manneville and Hall, 2001) . To test whether enhanced cell migration due to GOLPH3 overexpression depends on centrosomes, we generated cells deficient in centrosomes using centrinone, a Plk4-specific inhibitor (Wong et al., 2015) . We grew MDA-MB-231 cells in the presence of 100 nM centrinone for more than 2 wk, resulting in nearly complete loss of centrosomes (Supplemental Figure 2 , A and B). We observed scratch wound healing in vehicle (dimethyl sulfoxide [DMSO] ) and centrinone-treated cells (Supplemental Figure 2C) . Loss of centrosomes resulted in significantly impaired scratch wound healing ( Figure 3D ). However, overexpression of GOLPH3 still enhanced scratch wound healing in centrosome-deficient cells. We conclude that, while centrosomes contribute to cell migration, GOLPH3's ability to drive cell migration occurs independent of centrosomes.
Cdc42 has been proposed to be a key signaling molecule that drives cell polarization and cell migration (Nobes and Hall, 1999; Etienne-Manneville and Hall, 2001) , although with some disagreement between experiments using dominant-negative, knockout, and small molecule inhibitors in different cell types and culture conditions (Nobes and Hall, 1999; Etienne-Manneville and Hall, 2001; Cau and Hall, 2005; Czuchra et al., 2005; Kiwanuka et al., 2016) . We tested the requirement for Cdc42 for GOLPH3-driven cell migration using the specific Cdc42 inhibitor, ML141 (Hong et al., 2013; Kiwanuka et al., 2016) . We performed scratch wound healing assays in control (DMSO) or ML141-treated cells ( Figure 3E and Supplemental Figure 2D ). Inhibition of Cdc42 by ML141 resulted in significant impairment of scratch wound healing. However, overexpression of GOLPH3 still enhanced cell migration, despite inhibition of Cdc42. We conclude that, while Cdc42 contributes to cell migration, GOLPH3's ability to drive cell migration occurs independently of Cdc42.
Next we considered the possibility that overexpression of GOLPH3 might enhance wound healing by increasing the speed of cell migration. Using time-lapse imaging, we measured the traveling speed of actively migrating cells following wounding. We observed that overexpression of GOLPH3 resulted in a significant increase in the speed of cell migration ( Figure 3F ). wondered whether it is generally required for scratch wound healing. Specific small interfering RNA (siRNA) to knock down GOLPH3 was compared with a control siRNA. As shown in Figure 2A , knockdown of GOLPH3 significantly impaired scratch assay wound healing by MDA-MB-231 cells. A variety of roles have been proposed for GOLPH3 (Rizzo et al., 2016) . To test whether the requirement for GOLPH3 is due to its function in the PtdIns(4)P/GOLPH3/MYO18A/Factin pathway, we examined the effect of siRNA knockdown of MYO18A. We observed that MYO18A knockdown also significantly impaired wound healing by MDA-MB-231 cells. To determine whether the requirement for GOLPH3 and MYO18A is unique to MDA-MB-231 cells or is more generally true, we also examined wound healing in another, unrelated cell type, NRK (normal rat kidney) cells. Again, GOLPH3 and MYO18A were each required for scratch assay wound healing ( Figure 2B ). Thus we conclude that the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway is generally required for scratch assay wound healing.
GOLPH3 does not affect cell proliferation, sensing of loss of contact, or known polarization pathways, but drives cell migration speed To determine the mechanism by which the GOLPH3 pathway contributes to enhanced cell migration, we considered a range of possibilities. We first examined whether overexpression of GOLPH3 led to increased cell proliferation. We compared the rate of proliferation of GOLPH3 overexpressing MDA-MB-231 cells with the parental, GFP only, and GOLPH3-R90L controls. We found that all four proliferated at essentially identical rates (Figure 3, A and B) .
Next we investigated whether GOLPH3 affects cell migration by modulating cells' sensing of loss of contact upon monolayer 
GOLPH3 overexpression promotes Golgi reorientation in wound healing
Reorientation of the Golgi toward the leading edge is known to be an early, limiting step in cell migration (Kupfer et al., 1982; Nobes and Hall, 1999; Millarte and Farhan, 2012) . Because GOLPH3 serves to bridge the Golgi and the actin cytoskeleton, we wondered whether GOLPH3 plays a role in cell migration by facilitating Golgi reorientation in wound healing. Thus we examined Golgi repositioning in MDA-MB-231 cells that overexpress GOLPH3 compared with control cells after monolayer wounding. In control cells, we observed that the Golgi had a random orientation before wounding. At the time of wounding, the Golgi began to polarize toward the wound edge in cells at the edge of the wound and by 5 h was generally pointing toward the wound ( Figure 4A ). By comparison, cells overexpressing GOLPH3 exhibited a more rapid and robust reorientation of the Golgi toward the wound edge. To quantify Golgi reorientation, we measured for each cell the angle between a line from the nucleus to the wound edge and from the nucleus to the center of the Golgi ( Figure 4B ). Quantification showed Golgi reorientation toward the wound edge upon wounding is significantly enhanced by overexpression of GOLPH3 ( Figure 4C ).
To determine the mechanism by which overexpression of GOLPH3 drives reorientation of the Golgi, we first examined whether it is dependent on centrosomes or Cdc42, both of which play a role in generating cell polarity (Kupfer et al., 1982; Nobes and Hall, 1999; Etienne-Manneville and Hall, 2001 ). Experiments in centrosome-deficient cells (Supplemental Figure 3 , A and B) and cells with inhibition of Cdc42 by ML141 (Supplemental Figure 3, C and D) indicate that GOLPH3's ability to drive Golgi reorientation occurs independent of centrosomes and Cdc42. Next we asked whether GOLPH3 acts through the PtdIns(4)P/ GOLPH3/MYO18A/F-actin pathway. To test whether GOLPH3 requires binding to PtdIns(4)P to act, we examined Golgi reorientation in cells overexpressing GOLPH3-R90L. We noted that they behaved in a manner similar to the control cells ( Figure 4 , A and C), indicating that GOLPH3-driven enhancement of Golgi repositioning depends on GOLPH3's interaction with PtdIns(4)P. We also examined the requirement for MYO18A in Golgi reorientation by siRNA knockdown of MYO18A in the MDA-MB-231 cell lines before wounding. As shown in Figure 4 , D and E, we recapitulated the enhancement of PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway is generally required for Golgi reorientation. We depleted GOLPH3 and MYO18A in MDA-MB-231 cells using three different siRNA oligos for each (Supplemental Figure  1A) . In control siRNA-transfected cells, the Golgi was oriented randomly before wounding and polarized toward the wound edge within 5 h after monolayer wounding, as expected ( Figure 5 , A and B). However, Golgi reorientation was significantly impaired upon knockdown of either GOLPH3 or MYO18A. To determine whether the requirement for GOLPH3 and MYO18A for Golgi reorientation in wound healing is also true in other cell types, we performed a similar experiment in NRK cells. Here, again, we observed impaired Golgi reorientation after knockdown of either GOLPH3 or MYO18A (Supplemental Figure 1B and Figure 5 , C and D). Thus we conclude that the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway is generally required for efficient Golgi polarization toward the wound edge in response to monolayer wounding.
Lysosomes reorient with the Golgi in wound healing
To know whether GOLPH3's effect is restricted to the Golgi or also affects other organelles, we examined the movement of the Golgi and other cellular organelles upon wounding using time-lapse imaging of live cells. We first compared movement of mitochondria with movement of the Golgi (Supplemental Movie 2). At the time of wounding, we observed general rotation of the whole cell, and the movement of mitochondria reflected that rotation. In comparison, the Golgi actively moved around the nucleus toward the wound edge at a faster speed, resulting in faster movement of the Golgi relative to mitochondria and the rest of the cell. To assess the effect of overexpression of GOLPH3 on mitochondrial (vs. Golgi) reorientation, we measured the orientation of mitochondria and the Golgi relative to the direction of the monolayer wound 5 h after wounding ( Figure 6A ). We found that, while Golgi reorientation was significantly enhanced by overexpression of GOLPH3, reorientation of mitochondria was insensitive to overexpression of GOLPH3 ( Figure 6B ). Thus the movement of mitochondria and the Golgi do not share the same mechanism.
Next we compared movement of the nucleus with movement of the Golgi after cell monolayer wounding. As shown in Supplemental Movie 3, structural features of the nucleus visible by differential interference contrast (DIC) imaging allowed us to detect rotation of the nucleus. We observed general rotation of the whole cell that was accompanied by rotation of the nucleus. The Golgi, on the other hand, moved at a greater speed around the nucleus toward the wound edge. By measuring the rotation speed of the Golgi and the nucleus, we noted that the Golgi exhibited a significantly higher Golgi reorientation due to overexpression of GOLPH3 in cells transfected with control siRNA. However, siRNA depletion of MYO18A significantly impaired Golgi polarization toward the wound and eliminated any effect due to overexpression of GOLPH3. Because the ability of overexpressed GOLPH3 to promote Golgi reorientation in wound healing depends on its ability to bind to PtdIns(4)P and on MYO18A, we conclude that it acts through the PtdIns(4)P/GOLPH3/ MYO18A/F-actin pathway.
GOLPH3 and MYO18A are required for Golgi reorientation in wound healing
Having established that overexpression of GOLPH3 is able to drive Golgi reorientation upon wounding, we wondered whether the culture wounding (Supplemental Figure  4, A and B) . Taking all of our results together, we come to the surprising conclusion that lysosomes move with the Golgi to polarize toward the leading edge in response to wounding, which is dependent on, and also driven by, the PtdIns(4)P/GOLPH3/ MYO18A/F-actin pathway.
Lysosome reorientation is indirect, through microtubule tethering to the Golgi
The question follows how GOLPH3, a protein found at the Golgi, regulates lysosome reorientation in response to wounding. As published previously (Wu et al., 2000; Bell et al., 2001; Dippold et al., 2009; Ng et al., 2013; Farber-Katz et al., 2014) , we confirmed that GOLPH3 localizes to the Golgi, not lysosomes ( Figure 8A ). Thus we hypothesized that GOLPH3's effect on lysosomes may be indirect, via the Golgi. To test this possibility, we first determined whether lysosome reorientation depends on the Golgi. We treated MDA-MB-231 cells with brefeldin A (BFA) to disrupt the Golgi or methanol (vehicle control) at the time of monolayer wounding and measured lysosome reorientation after 5 h (Figure 8 , B and C). In control cells, we recapitulated the enhanced reorientation of both the Golgi and lysosomes in response to overexpression of GOLPH3. In BFA-treated cells, the Golgi was effectively disrupted within 15 min of drug treatment ( Figure 8B ; unpublished data). Consequently, lysosome reorientation was significantly impaired. Moreover, the ability of overexpression of GOLPH3 to augment lysosome reorientation was abolished by BFA disruption of the Golgi. We conclude that GOLPH3 acts on lysosomes indirectly through the Golgi.
Given the close association between the Golgi and lysosomes (Supplemental Movie 4), we reasoned that a possible explanation for the GOLPH3-driven, Golgi-dependent reorientation of lysosomes could be due to structural tethering of lysosomes to the Golgi. Top candidates that could mediate this tethering would be actin or microtubule cytoskeletal elements. Thus we first investigated whether F-actin is responsible for the link between the Golgi and lysosomes. We depolymerized actin with latrunculin B, and examined the effect on the relationship between the Golgi and lysosomes (Supplemental Movie 5). Treatment with latrunculin B led to condensation of the Golgi, consistent with previous observations (Dippold et al., 2009) . Lysosomes condensed simultaneously with the Golgi, and the two organelles remained similarly colocalized after drug treatment ( Figure 8D ), suggesting that F-actin is not required to link lysosomes to the Golgi.
Next we investigated the role of microtubules in tethering lysosomes to the Golgi. Published data indicate that lysosomes are associated with and depend on microtubules to maintain normal morphology (Collot et al., 1984; Matteoni and Kreis, 1987; Scheel et al., 1990; Harada et al., 1998) . The Golgi also requires microtubules to maintain normal ribbon morphology (Rogalski and Singer, 1984; Sandoval et al., 1984; Thyberg and Moskalewski, 1999) and is rotation speed compared with the nucleus ( Figure 6C ). Thus we demonstrate that the nucleus, too, moves differently from the Golgi in response to wounding.
Finally, we examined lysosome movement in response to wounding. Unexpectedly, as shown in Supplemental Movie 4, the Golgi and lysosomes localized close to each other and reoriented in a concerted manner upon wounding. By 5 h, both the Golgi and lysosomes were pointed toward the wound edge and remained colocalized ( Figure 6D ). Quantification showed that lysosome reorientation was significantly enhanced by overexpression of wild-type GOLPH3, but not GOLPH3-R90L, similar to the effect on reorientation of the Golgi ( Figure 6E) . Moreover, GOLPH3's ability to enhance both Golgi and lysosome reorientation is through the PtdIns(4)P/GOLPH3/ MYO18A/F-actin pathway, because, in addition to GOLPH3-R90L being ineffective, either siRNA depletion of MYO18A or depolymerization of F-actin by latrunculin B significantly impaired reorientation and abolished the ability of GOLPH3 to promote reorientation of both lysosomes and the Golgi (Figure 7, A-D) .
We also tested whether GOLPH3 and MYO18A are required for lysosome reorientation in response to a monolayer scratch. In NRK cells, knockdown of either GOLPH3 or MYO18A not only impaired Golgi reorientation, as observed previously, but also significantly impaired lysosome reorientation (Figure 7, E and F) . In HeLa cells, we observed a similar requirement for both GOLPH3 and MYO18A for reorientation of both the Golgi and lysosomes following cell nocodazole ( Figure 8D ), in contrast to the effect of latrunculin B treatment. These data suggest that microtubules serve to link the Golgi and lysosomes. Overall we conclude that GOLPH3's effect on lysosome reorientation is secondary to its effect on the Golgi, mediated by microtubule tethering of lysosomes to the Golgi.
GOLPH3 overexpression promotes directional trafficking toward the leading edge
Having discovered that GOLPH3 drives both the Golgi and lysosomes to reorient toward the leading edge upon wounding, we examined the functional requirement for each organelle for cell migration. We used inhibitors of Golgi or lysosome function to ask whether they interfere with monolayer scratch healing by NRK and MDA-MB-231 cells. Consistent with previous findings (Tseng et al., 2014) , inhibition of Golgi function with BFA significantly reduced monolayer wound healing in both NRK and MDA-MB-231 cells ( Figure 9 , A and B). We note that the reduction in wound healing caused by treatment with BFA is comparable to that due to siRNA depletion of either GOLPH3 or MYO18A (Figure 2, A and B) . By contrast, inhibition of lysosomal function by NH 4 Cl or bafilomycin A1 had a minimal, nonsignificant effect on scratch wound healing ( Figure 9, A and B) . The effectiveness of lysosome inhibition was verified by loss of LysoTracker staining upon treatment with NH 4 Cl or bafilomycin A1 (see Supplemental Movie 7). Therefore we conclude that, while the lysosome is dispensable, the Golgi plays an important role in cell migration that is enhanced by overexpression of GOLPH3.
Finally, we sought to elucidate the functional significance of GOLPH3-driven Golgi polarization in directional cell migration. Given that directed trafficking toward the leading edge occurs in migrating cells (Bergmann et al., 1983; Yadav et al., 2009) and that the GOLPH3 pathway is critical for Golgi-to-plasma membrane trafficking (Dippold et al., 2009; Bishé et al., 2012; Ng et al., 2013; Farber-Katz et al., 2014) , we examined the effect of overexpression of GOLPH3 on trafficking from the Golgi to the leading edge in wound healing. We transfected MDA-MB-231 cells overexpressing GOLPH3 or control cells with the trafficking reporter ts045-VSVG-GFP (temperature-sensitive mutant of the vesicular stomatitis virus G envelope glycoprotein fused to green fluorescent protein, subsequently referred to as VSVG), which is released from the endoplasmic reticulum and traffics through the Golgi to the plasma membrane upon a shift from the restrictive temperature (40°C) to the permissive temperature (32°C) (Presley et al., 1997) . We created a monolayer scratch while cells were at the restrictive temperature and then allowed the Golgi to reorient for 4 h. We then shifted to the permissive temperature for 1 h to allow trafficking of VSVG. By using known to be able to initiate de novo microtubule polymerization (Chabin-Brion et al., 2001; Efimov et al., 2007; Rivero et al., 2009; Petry and Vale, 2015) . However, little is known about the structural relationship between the two organelles. To examine a possible physical association between the Golgi and lysosomes mediated by microtubules, we observed the consequences of depolymerization of microtubules. Treatment with nocodazole to depolymerize microtubules caused fragmentation and dispersal of both the Golgi and lysosomes, as expected (Supplemental Movie 6). More importantly, we noted that, upon nocodazole treatment, the Golgi and lysosome puncta moved away from each other, becoming spatially distinct. Measurement of the overlap between the Golgi and lysosome compartments showed significant dissociation upon treatment with higher surface VSVG compared with control cells, especially at the front of the cell, with a smaller increase at the back of the cell (Figure 9, C and D) . We calculated the ratio of surface VSVG at the front versus at the back of the cell as a measure of directional trafficking and found a significant increase in directional trafficking in response to overexpression of GOLPH3 ( Figure 9E ). The ability of GOLPH3 to drive increased trafficking of VSVG to the plasma membrane and increased directional trafficking to the front of the cell is dependent on GOLPH3's function at the Golgi, since the R90L mutant is inactive. Taking all of our results together, we conclude that overexpression of GOLPH3 promotes directional trafficking from the Golgi to the leading edge in wound healing.
DISCUSSION
GOLPH3-dependent Golgi polarization
A signaling pathway involving Cdc42 regulation of centrosomes and the microtubule cytoskeleton is well established to play an important role in Golgi reorientation and directional cell migration (Etienne-Manneville and Hall, 2001; Yadav et al., 2009; Millarte and Farhan, 2012) . In light of the known association of the Golgi with microtubules (Chabin-Brion et al., 2001; Petry and Vale, 2015; Sanders and Kaverina, 2015) , it is perhaps not surprising that microtubules can impart a force that leads to repositioning of the Golgi.
Our data indicate an independent role for the actin cytoskeleton to drive Golgi reorientation and directional cell migration. The PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway serves to link the Golgi to the actin cytoskeleton (Dippold et al., 2009; Ng et al., 2013; Farber-Katz et al., 2014) . Here we observe that this linkage imparts a force to reposition the Golgi in a manner that is independent of Cdc42 and centrosomes. Thus our data indicate that microtubule and microfilament cytoskeletal elements can each act independently to drive Golgi reorientation, but that efficient Golgi reorientation depends on the concerted efforts of both systems.
A question remains as to how the PtdIns(4)P/GOLPH3/MYO18A/F-actin linkage to the Golgi imparts a force that preferentially moves the Golgi toward the leading edge, despite the fact that PtdIns(4)P and GOLPH3 appear uniformly distributed on the trans-Golgi. One possibility would involve hypothetical signaling to preferentially activate MYO18A near the leading edge, resulting in an imbalance of forces to move the Golgi toward the leading edge. Our data cannot rule out this possibility.
However, we favor a simpler, and therefore more appealing, model. In this model, PtdIns(4)P/GOLPH3/MYO18A is equally an exofacial antibody to VSVG on unpermeablized cells, we measured surface VSVG at the front and back of cells at the edge of the monolayer wound ( Figure 9C ). We defined the front of the cell by a vector drawn from the centroid of the nucleus to the centroid of the Golgi. In GOLPH3-overexpressing cells, we observed significantly plasma membrane at the wound edge. First, overexpression of GOLPH3 increases overall trafficking to the plasma membrane. While the PtdIns(4)P/GOLPH3/MYO18A/Factin pathway has previously been shown to be required for the majority of Golgito-plasma membrane trafficking (Dippold et al., 2009; Bishé et al., 2012; Ng et al., 2013) , this is the first demonstration that overexpression of GOLPH3 is sufficient to drive increased Golgi-to-plasma membrane trafficking. Second, we also observe that overexpression of GOLPH3 promotes trafficking preferentially toward the front of the cell, as defined by the position of the Golgi relative to the nucleus. Third, overexpression of GOLPH3 promotes reorientation of the Golgi toward the wound edge, thus causing the front of the cell to point toward the wound. All three of these effects contribute toward driving trafficking to the wound edge.
Golgi cargoes are important for directed cell migration
Our VSVG reporter experiments demonstrate that GOLPH3 drives increased trafficking from the Golgi to the plasma membrane at the monolayer wound edge. VSVG serves as a general reporter for trafficking, suggesting that many cargoes undergo enhanced delivery to the plasma membrane at the wound edge. A few cargoes have been reported to be important for cell migration. General delivery of membrane lipids to build the plasma membrane at the leading edge has been suggested to be important to allow the generation of plasma membrane protrusions (lamellipodia and filopodia) that contribute to cell migration (Bergmann et al., 1983) . In addition, the delivery of integrins to the leading edge is also known to be important for directional cell migration (Etienne-Manneville and Hall, 2001; Danen et al., 2005) . We suspect that there is not a single cargo but rather an ensemble of cargoes important for cell migration that are delivered to the leading edge via the Golgi GOLPH3 pathway. Future work is required to identify critical cargoes.
GOLPH3-dependent cell migration
Several models have been proposed for the role of GOLPH3 in cell migration (Zhou et al., 2013; Isaji et al., 2014; Zhang et al., 2015) . Here we provide evidence that it is the GOLPH3 complex at the Golgi, involving the PtdIns(4)P/GOLPH3/MYO18A/F-actin linkage responsible for applying the tensile force needed for Golgi-toplasma membrane trafficking, that is required for cell migration and is capable of promoting cell migration when GOLPH3 is overexpressed. This is consistent with the observations of Tokuda et al. (2014) , who also show that PtdIns(4)P-binding is required for GOLPH3 to promote cell migration.
A previous study has reported a correlation between defective cell migration and compaction of the normally extended ribbon morphology of the Golgi (Millarte et al., 2015) . This observation is present and active along the Golgi. It is well-known that, in polarized cell migration, a gradient of F-actin is established, with the highest concentration toward the leading edge (Nobes and Hall, 1999; Cau and Hall, 2005; Li and Gundersen, 2008; Lam et al., 2014) . Increased concentration of F-actin density toward the leading edge provides increased opportunity for interaction with MYO18A. Thus we suggest the increased F-actin density toward the leading edge generates an imbalance of forces applied to the Golgi, via the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway, leading to movement of the Golgi. Notably, only when the Golgi faces the leading edge would we expect both halves of the Golgi to be in the vicinity of similar concentrations of F-actin, and thus only when the Golgi faces the leading edge would we expect the forces to reach stable equilibrium, resulting in the Golgi stably facing the leading edge. The simplicity of this model and consistency with all available data make this model particularly attractive (Figure 10 ).
GOLPH3 drives Golgi-to-plasma membrane trafficking toward the wound edge
Our data demonstrate three consequences of overexpression of GOLPH3 that drive increased trafficking from the Golgi to the mortality are largely a consequence of invasion and metastasis, processes driven by cell migration. Thus the ability of GOLPH3 to drive cell migration may provide mechanistic insight into GOLPH3's contribution to the pathophysiology of cancer. GOLPH3 is also known to play a central role in the Golgi response to DNA damage that promotes cell survival following DNA damage (Farber-Katz et al., 2014) . This provides another mechanism by which GOLPH3 can contribute to cancer progression. GOLPH3, like many clinically important oncogenes (Bieging et al., 2014; Gabay et al., 2014; Stephen et al., 2014) , appears to have multiple mechanisms by which it can contribute to the pathophysiology of cancer. In addition to providing insights into the mechanism of important physiology and pathophysiology, the GOLPH3 pathway may provide new targets for novel cancer therapeutic agents.
MATERIALS AND METHODS
Cell culture and DNA construction MDA-MB-231, NRK, and HeLa S3 cell lines were grown according to American Type Culture Collection (Manassas, VA) guidelines. The stable MDA-MB-231 cell lines that overexpress GOLPH3-IRES-GFP, GOLPH3-R90L-IRES-GFP, or IRES-GFP were constructed with the pBABE-Puro retroviral system (Morgenstern and Land, 1990) . Empty retroviral expression vector pBABE-Puro and packaging vectors pUMVC and pVSV-G were kind gifts from Jing Yang (University of California, San Diego). The expression vector of wild-type GOLPH3 was generated by serial cloning to combine GOLPH3 (Dippold et al., 2009) and IRES-hrGFP (Stratagene/ Agilent, Santa Clara, CA) into the BamHI and EcoRI sites of pBABE-Puro vector. Expression and packaging vectors were transfected into HEK293T packaging cells using TransIT-LT1 (Mirus, Madison, WI). Viral supernatants harvested at 48 and 72 h after transfection were filtered through a 0.45 μm filter (Thermo Fisher Scientific, Waltham, MA) and incubated with target MDA-MB-231 cells in the presence of 6 μg/ml protamine (Sigma, St. Louis, MO). 24 h after the second viral infection, 0.5 μg/ml puromycin (InvivoGen, San Diego, CA) was used to select and maintain stable cell pools. The cell lines overexpressing IRES-GFP and R90L-IRES-GFP were generated in similar manner.
Cell proliferation assay
On day 0, cells were seeded in replicate wells at 20,000 cells/well in six-well plates, and grown in normal medium. On days 1, 3, and 5, triplicate wells for each cell line were trypsinized and counted using a hemocytometer. Growth rate was measured by taking the binary logarithm of cell counts, normalized to day 1.
Scratch wound healing assay
Cells were seeded in 35 mm gridded glass-bottom culture dishes (MatTek, Ashland, MA) and maintained in normal growth medium consistent with our data demonstrating the role for GOLPH3 in cell migration and previous work demonstrating that the Golgi becomes compact upon disruption of any component of the PtdIns(4)P/ GOLPH3/MYO18A pathway (Dippold et al., 2009) . We note that Millarte et al. (2015) observed reduced cell migration and Golgi PtdIns(4)P upon PLCG1 knockdown, fitting with our model (and with that of Tokuda et al., 2014) that PtdIns(4)P binding is critical for GOLPH3's ability to drive enhanced cell migration. We propose that the same GOLPH3 linkage of the Golgi to actin is also the linkage important for Golgi repositioning, directional trafficking, and cell migration. Overexpression of GOLPH3 enhances all of these. It will be interesting to test whether the relative contributions of GOLPH3 in Golgi reorientation, directional trafficking, and cell migration can be teased apart from one another.
Role of the GOLPH3 pathway in cancer
A growing body of evidence indicates that GOLPH3 is an oncogene, frequently amplified and overexpressed in human cancers (Scott et al., 2009; Buschman et al., 2015a) . Furthermore, high levels of GOLPH3 predict poor prognosis in a wide variety of cancers, independent of other prognostic indicators. Cancer morbidity and DMSO at the time of the scratch. For scratch assays with ML141 (Tocris, Bristol, United Kingdom), media was replaced 1 h before scratch with normal growth media containing 10 μM ML141 or 0.1% DMSO and replaced with fresh media containing 10 μM ML141 or 0.1% DMSO at the time of the scratch.
Fluorescence microscopy
Fluorescence microscopy was performed on an Olympus IX81-ZDC spinning-disk confocal microscope, and images were analyzed with Slidebook and ImageJ software. All images shown represent maximum projections in z of confocal stacks with spacing of 0.5 μM. Movies show a single confocal plane.
Measurement of cell migration speed
Time-lapse images of scratch wound healing assay were analyzed in ImageJ of actively migrating cells, defining the center of the nucleus between consecutive frames, and measuring the traveling distance of the nucleus divided by the time interval.
Measurement of Golgi/lysosome/mitochondria orientation angle IF images of cells at the wound edge stained with a Golgi marker and DAPI were analyzed in ImageJ, by drawing a first line from the centroid of the nucleus to the wound edge and a second line from the centroid of the nucleus to the centroid of the Golgi. The angle formed in between the two lines was measured. The orientation angles of mitochondria and lysosomes were measured in similar manner. For cells before wounding, a fixed direction was chosen arbitrarily, and the angle between said direction and the Golgi was measured for each cell.
Time-lapse imaging of cellular organelles after wounding
Cells were transfected with the expression vector for α-mannosidase II-GFP (ManII-GFP) to mark the Golgi and grown to confluence. Before the scratch wound was made, cells were incubated with MitoTracker Deep Red or LysoTracker Red (Life Technologies), following the manufacturer's instructions to label mitochondria and lysosomes, respectively. A wound was made in the same way as described for the scratch wound healing assay. After the scratch wound was made, time-lapse images were taken at 3 min intervals for 5 h.
Measurement of Golgi/nucleus rotation speed
Time-lapse fluorescence and DIC images of cells at the wound edge were analyzed in ImageJ by identifying in each frame the direction of the nucleus with the aid of structural features visible by DIC imaging, and identifying the direction of the Golgi by drawing a line through the center of the nucleus and the center of the Golgi (marked by ManII-GFP). Rotation speed was determined by measuring the rotation angle between consecutive frames divided by the time interval.
Measurement of surface ts045-VSVG-GFP in wound healing
Cells were transiently transfected with an expression vector for temperature-sensitive, GFP-tagged ts045-VSVG-GFP and grown to a confluent monolayer. At 36 h after transfection, cells were maintained at the restrictive temperature (40°C) for 12 h before a razor blade was used to create a wound. Cells were returned to 40°C for 4 h to allow Golgi reorientation and then shifted to the permissive temperature (32°C) for 1 h to allow VSVG trafficking before fixation. An exofacial antibody specific to VSVG was used on unpermeabilized cells to detect surface VSVG, followed by permeabilization and staining with GOLPH3 antibody to label the until reaching a confluent monolayer. A 200 μl pipette tip was used to scratch the cell monolayer; this was followed by two rinses with phosphate-buffered saline. For endpoint analysis, random fields at the scratch were selected and captured by 10× phase-contrast imaging with an Olympus (Tokyo, Japan) IX81-ZDC microscope. Cells were then incubated in normal growth medium for 15 h before fixation, followed by permeabilization and 4′,6-diamidino-2-phenylindole (DAPI) staining. DAPI images were taken at the same selected fields. For each field, the cells that migrated into the predefined scratch area were counted, and the mean cell density in the scratch area for n fields was normalized to the mean confluent density, and values were scaled relative to the control to calculate relative scratch healing. For time-lapse imaging, cells were incubated in normal growth medium containing calcein AM (Life Technologies/ Thermo Fisher Scientific, Waltham, MA) after wounding. Timelapse images were taken at 15 min intervals for 15 h.
For scratch assays with siRNA knockdowns, siRNA oligos were transfected into cells 48 h before monolayer wounding. For scratch assays with Golgi or lysosome inhibitors, after the scratch was made, cells were incubated in normal growth media containing 0.1% DMSO (Sigma), 0.1% MeOH, 5 ng/ml BFA (Sigma), 10 mM NH 4 Cl (Sigma), or 100 nM bafilomycin A1 (Sigma) for 8 h before fixation. DMSO was used as vehicle control for bafilomycin A1. MeOH was used as vehicle control for BFA. Because DMSO and MeOH gave identical results, their data are pooled in Figure 9 , A and B. For scratch assays with centrinone (synthesized by Sundia MediTech, Shanghai, China; Wong et al., 2015) , cells were grown for more than 2 wk in the presence of 100 nM centrinone or 0.1% DMSO and replaced with fresh media containing 100 nM centrinone or 0.1% FIGURE 10: Model for GOLPH3-dependent Golgi reorientation and directional trafficking in wound healing. After cell monolayer wounding, an imbalance across the Golgi in the GOLPH3/MYO18A/Factin machinery pulls the PtdIns(4)P-rich Golgi to reorient toward the leading edge. Lysosomes move in concert with the Golgi due to linkage to the Golgi mediated by microtubules. As a functional consequence of Golgi polarization, directional trafficking occurs toward the leading edge, which is required for cell migration. Overexpression of GOLPH3 drives enhanced reorientation of the Golgi toward the leading edge, increased overall Golgi-to-plasma membrane trafficking, and increased trafficking preferentially toward the front of the cell. All three contribute to increased directional trafficking to the wound edge, driving enhanced cell migration.
Golgi. IF images were taken of transfected cells at the edge of the wound. Surface VSVG was analyzed in ImageJ by drawing a line with a width of 10 pixels through the nucleus and the Golgi and measuring the average intensity at the plasma membrane at the front and back of the cell (seen as two peaks in the histogram), with background subtracted.
siRNA knockdown siRNA oligonucleotides containing Stealth modifications were synthesized by LifeTechnologies and transfected using RNAiMAX according to the manufacturer's instructions. Negative control, GOLPH3, and MYO18A sequences were the same as those described previously (Dippold et al., 2009 ). If not otherwise specified in the figures, GOLPH3 siRNA #3, and MYO18A siRNA #1 were used. Knockdowns were verified by Western blots performed in parallel for each experiment.
Antibodies
The GOLPH3 rabbit polyclonal antibody was described previously (Dippold et al., 2009) . The MYO18A antibody was a generous gift from Zissis Chroneos (University of Texas, Tyler, TX). The GM130 antibody was from BD Biosciences (San Jose, CA). The YAP antibody H-125 was from Santa Cruz Biotechnologies (Dallas, TX). The ATP synthase subunit IF1 antibody 5E2D7 used to mark mitochondria was from Invitrogen/Thermo Fisher Scientific. The LAMP1 and glyceraldehyde-3-phophate dehydrogenase (GAPDH) antibodies were from Cell Signaling Technology (Danvers, MA). The VSVG exofacial monoclonal antibody 8G5F11 was from KeraFAST (Boston, MA). The γ-tubulin antibody GTU-88 was from Sigma. The Cep-192 antibody was described previously (Wong et al., 2015) . The TGN46 antibody was from Bio-Rad (Hercules, CA). The horseradish peroxidase-conjugated mouse anti-rabbit secondary antibody for Western blot was from Jackson ImmunoReasearch (West Grove, PA). Alexa Fluor (488, 594, and 647)-conjugated secondary antibodies for IF were from Invitrogen.
Statistics
A two-tailed Student's unpaired t test was calculated using Microsoft (Redmond, WA) Excel. Multiple comparisons were corrected for family-wise type 1 error using the Holm-Bonferroni correction (Holm, 1979) . Analysis of variance (ANOVA) and least-squares linear regression were performed using PastProject statistical software (Hammer et al., 2001) .
